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Amplification of the oncogene MYCN is a tumorigenic
event in the development of a subset of neuroblasto-
mas that commonly consist of undifferentiated or
poorly differentiated neuroblasts with unfavorable
clinical outcome. The cellular origin of these neuro-
blasts is unknown. Additionally, the cellular func-
tions and target cells of MYCN in neuroblastoma de-
velopment remain undefined. Here we examine the
cell types that drive neuroblastoma development in
TH-MYCN transgenic mice, an animal model of the
human disease. Neuroblastoma development in these
mice begins with hyperplastic lesions in early post-
natal sympathetic ganglia. We show that both hyper-
plasia and primary tumors are composed predomi-
nantly of highly proliferative Phox2B* neuronal
progenitors. MYCN induces the expansion of these
progenitors by both promoting their proliferation
and preventing their differentiation. We further iden-
tify a minor population of undifferentiated nestin™
cells in both hyperplastic lesions and primary tumors
that may serve as precursors of Phox2B™ neuronal
progenitors. These findings establish the identity of
neuroblasts that characterize the tumor phenotype
and suggest a cellular pathway by which MYCN can
promote neuroblastoma development. (4m J Pathol
2009, 175:856—866; DOI: 10.2353/ajpath.2009.090019)

Neuroblastoma is a common childhood malignant tumor
of the sympathetic nervous system, arising in paraverte-
bral sympathetic ganglia and the adrenal medulla.” Both
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tissues originate from neural crest cells, a transient,
highly migratory population of multipotent stem cells.?3
During embryonic development, neural crest cells,
mainly from the trunk region of the neural crest, migrate
ventrally and aggregate adjacent to the dorsal aorta to
form the primary sympathetic chain. A subpopulation of
cells in the primary sympathetic chain then migrate in a
dorsal direction to form the secondary (definitive) sym-
pathetic chains composed of paravertebral sympathetic
ganglia, while another subpopulation of cells migrate into
the adrenal gland to give rise to the adrenal medulla.*®

Neuroblastoma is a heterogeneous group of tumors,
displaying histological features that range from tumors
with predominantly undifferentiated or poorly differenti-
ated neuroblasts to those largely consisting of fully
differentiated neurons." This observation suggests that
neuroblastoma may arise as the result of deregulated
sympathetic neurogenesis. The molecular mechanism for
the control of sympathetic neurogenesis has been largely
elucidated. In response to bone morphogenetic proteins
produced and secreted by the dorsal aorta, sympathetic
neural crest cells express the pro-neural genes Mash1
and Phox2B and adopt a neuronal fate. Mash1 and
Phox2B in turn promote further neuronal differentiation by
up-regulating, either directly or indirectly, the expression
of transcription factors HAND2, Phox2A, and GATAS3. The
five transcription factors collaborate in a complex regu-
latory network to specify the noradrenergic phenotype of
sympathetic neurons by inducing the expression of ty-
rosine hydroxylase (TH) and dopamine B-hydroxylase,
two essential enzymes in catecholamine biosynthesis.>®
A critical question is at what stage of the neurogenic
process neuroblastoma may arise. It is generally thought
that neuroblastoma originates from primitive sympathetic
progenitor cells,™” but their identity remains unknown.
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Identifying the cell types that drive neuroblastoma devel-
opment may not only advance our understanding of the
cellular basis of the tumorigenic process but may also
suggest cellular targets for therapy.

Amplification of the oncogene MYCN occurs in ~22%
of neuroblastoma cases and is associated with advanced
stages of the disease and poor prognosis.’ Importantly,
transgenic mice carrying human MYCN under the control
of the rat TH gene promoter, which is active in migrating
neural crest cells, develop neuroblastomas that closely
resemble the human disease,® demonstrating that aber-
rant activation of MYCN can be an initiating event in
neuroblastoma development. However, despite the early
recognition of MYCN as an important oncogene in the
pathogenesis of neuroblastoma, the cellular mechanisms
for the oncogenic activity of MYCN in the tumorigenic
process remain to be defined in an in vivo system.

It has recently been reported that neuroblastoma devel-
opment in TH-MYCN mice begins with multifocal hyperpla-
sia in early postnatal sympathetic ganglia.® The hyperplas-
tic lesions are characterized as clusters of small round blue
cells with H&E staining and are morphologically similar to
human in situ neuroblastoma observed in the adrenal me-
dulla of infants younger than 3 months.'® We reasoned that
a detailed examination of stage- and lineage-specific gene
expression in cells comprising hyperplasia and primary tu-
mors in TH-MYCN mice might shed light on the identity of
progenitor cell types that drive neuroblastoma initiation and
progression, and reveal the cellular basis of MYCN action in
the pathogenesis of neuroblastoma.

Materials and Methods
Mice

TH-MYCN transgenic mice® on the 129 X 1/SvJ genetic
background were obtained from the Mouse Models of
Human Cancers Consortium at the National Cancer Insti-
tute-Frederick. All experiments were conducted with
hemizygous TH-MYCN transgenic mice and their wild-
type littermates. NOD.SCID/NCr mice were purchased
from the National Cancer Institute-Frederick. Animals
were maintained under specific pathogen-free conditions
at the animal facility of University of Toledo Health Sci-
ence Campus. All animal studies were pre-approved by
the Institutional Animal Care and Use Committee of Uni-
versity of Toledo Health Science Campus.

Histology

For examination of hyperplasia in sympathetic ganglia, at
least 30 mice for each genotype were euthanized by CO2
inhalation during the first 3 weeks after birth. Sympathetic
ganglia, mainly superior cervical ganglia (SCG) and ce-
liac ganglia, were collected, fixed in 10% neutral buffered
formalin, embedded in paraffin blocks, sectioned at 4
um, and stained with H&E. Each ganglion was examined
for the presence of hyperplastic lesions, defined as clus-
ters of more than 30 small blue round cells.® Wild-type
(n = 28) and TH-MYCN (n = 26) mice were monitored for
tumor development. Mice in a moribund state were eu-
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thanized by CO2 inhalation and examined for the pres-
ence of tumors. Each tumor was removed for histological
examination by H&E staining.

Immunohistochemistry and Immunofiuorescence

Paraffin embedded mouse sympathetic ganglia or pri-
mary tumors were sectioned at 4 um, deparaffinized, and
rehydrated. For antigen retrieval, sections were treated
for 20 minutes at 95°C in 10 mmol/L citrate buffer (pH 6.0)
in a laboratory microwave oven and subsequently washed
in PBS. For immunohistochemistry, after quenching of
endogenous peroxidase activity and blocking with nor-
mal goat serum, sections were incubated sequentially
with primary antibodies, biotinylated goat anti-mouse or
anti-rabbit 1gG, and the ABC reagent (Vector Laborato-
ries). The immunostaining was visualized with 3,3’-diami-
nobenzidine (Sigma). Sections were then counterstained
with hematoxylin before being examined using a light
microscope. For immunofluorescence, tissue sections
were stained overnight with primary antibodies at 4°C,
incubated with secondary antibodies for 2 hours at room
temperature, counterstained with 4,6-diamidino-2-phe-
nylindole (DAPI) and mounted with a fluorescence
mounting medium (Dako) before examination using a
Nikon ECLIPSE E800 fluorescence microscope (Nikon
Instruments) or an Olympus 1X81 Spinning Disk Confocal
microscope (Olympus America). Staining with mouse
monoclonal antibodies was performed using the Mouse-
on-Mouse kit to reduce background staining according to
the manufacturer’s instructions (Vector laboratories). The
following primary antibodies were used in immunohisto-
chemistry and immunofluorescence: mouse anti-MYCN
(1:100, clone AB-1, Oncogene Research), mouse anti-
Ki-67 (1:100, clone B56, BD Pharmingen), rabbit anti-
phosphorylated histone H3 (pHH3) (1:500, Upstate), rab-
bit anti-Phox2B (1:600, kindly provided by Jean-FranCois
Brunet),"! mouse anti-Mash1 (1:100, clone 24B72D11.1,
BD Pharmingen),’ mouse anti-TH (1:5000, Sigma),
rabbit anti-TH (1:1000, Chemicon), rabbit anti—brain
lipid-binding protein (BLBP, 1:2000, Chemicon), chicken
anti-nestin (1:1000, Novus Biologicals), and rabbit anti-
S100 (1:200, Dako). All secondary fluorescence anti-
bodies were from Molecular Probes and used at 1:400
dilutions: goat anti-mouse (fluorescein isothiocyanate
or Texas-Red), goat anti-rabbit (Alexa Fluor 594 or
fluorescein isothiocyanate), and goat anti-chicken (Al-
exa Fluor 488).

Immunoblotting

Human neuroblastoma cell lines BE(2)-C, SK-N-DZ, and
SK-N-AS were directly suspended in sodium dodecyl sul-
fate sample buffer, and 50 pg of proteins were separated
on a 10% sodium dodecyl sulfate—polyacrylamide gel,
transferred to a nitrocellulose membrane, probed with
mouse anti-MYCN (NCM Il 100, 1:200, kindly provided by
Naohiko lkegaki)'® or mouse anti-a-tubulin (B-5-1-2,
1:2000, Sigma), and visualized by chemiluminescence
(SuperSignal West Femto Chemiluminescent kit, Pierce).
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Cell Culture and Xenograft Assay

Human neuroblastoma cell lines SK-N-AS and SK-N-DZ
were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, and BE(2)-C in a
1:1 mixture of Dulbecco’s modified Eagle’s medium and
Ham’s nutrient mixture F12 supplemented with 10% fetal
bovine serum and nonessential amino acids. Six NOD.
SCID/NCr mice (6 to 8 weeks old) were used for each cell
line, and for each mouse, both flanks were injected sub-
cutaneously with 5 x 10° cells in 200 ul of Dulbecco’s
modified Eagle’s medium. Tumor growth was estimated by
caliper measurements and tumor volume was calculated
with the formula 4/3ar°, where r is the radius of the tumor.**
Two weeks after injection, tumors formed at the injection

Figure 1. Early postnatal sympathetic
ganglia of TH-MYCN mice contain mul-
tiple clusters of proliferating cells. Sec-
tions of SCG from postnatal day 12 (P12)
wild-type and TH-MYCN mice were
stained with H&E (A), anti-MYCN (B),
anti-Ki-67 (C), or anti-pHH3 (E). Wild-
type SCG consist of mainly large neu-
rons and small glial satellite cells (A) that
express no detectable levels of MYCN
(B), and the proliferating cells marked
by Ki-67 (C) or pHH3 (E, arrowhead)
were evenly distributed. By contrast,
TH-MYCN SCG contain multiple clusters
of small round blue cells (A) that ex-
press MYCN (B) and are in a state of
active proliferation (C, E). Scale bars =
100 um. D, F: Quantitative analysis of
ganglionic cells expressing either Ki-67
(D) or pHH3 (F) in wild-type SCG (n =
4) and in non-hyperplastic (Non-Hyper)
and hyperplastic (Hyper) regions of TH-
MYCN SCG (n = 4). Data are presented
as means = SD.
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sites were removed, weighed, and paraffin-embedded. Tu-
mor sections were stained with H&E for histological exam-
ination or antibodies for marker expression analyses.

Quantification and Statistics

For tissue sections, approximately 1000 cells (DAPI-pos-
itive) were counted from at least four randomly selected
X400 fields, and the percentages of nestin™, Phox2B™,
Ki-67" and/or pHH3™" cells were determined. Data were
presented as mean = SD. Statistical analysis was per-
formed using two-tailed Student’s t-test. P value <0.05 is
considered statistically significant.



Results

Early Postnatal Sympathetic Ganglia of
TH-MYCN Mice Contain Multiple Clusters of
Proliferating Cells

To visualize the early stage of neuroblastoma develop-
ment, we isolated and examined SCG and celiac ganglia
from TH-MYCN mice of 1 to 3 weeks of age. As controls,
we also examined sympathetic ganglia isolated from age-
matched wild-type littermates. Wild-type sympathetic gan-
glia consist of two major cell types, large sympathetic
neurons and small glial cells (Figure 1A). Approximately
7% of postnatal sympathetic ganglia in wild-type mice
contained small clusters of round blue cells (data not
shown). Consistent with the previous report,® we ob-
served the presence of multiple clusters of small round
blue cells in approximately 36% of early postnatal sym-
pathetic ganglia of TH-MYCN mice (Figure 1A). Immuno-
histochemical staining revealed that only hyperplastic
cells in TH-MYCN sympathetic ganglia expressed detect-
able levels of MYCN (Figure 1B).

To understand the cellular basis for the formation of
hyperplastic lesions in sympathetic ganglia of TH-MYCN
mice, we examined the proliferation status of hyperplastic
cells, with age-matched wild-type ganglionic cells as
control. We first performed immunohistochemical stain-
ing for the proliferation marker Ki-67, a nuclear protein
specifically expressed in cells undergoing active prolif-
eration.'® Wild-type sympathetic ganglia contained a sig-
nificant number of Ki-67* cells (6.9% of total cells) that
were evenly distributed, and no specialized proliferation
zones or areas were observed (Figure 1, C and D). Also,
approximately 4% of cells in the non-hyperplastic region
of TH-MYCN sympathetic ganglia expressed Ki-67 (Fig-
ure 1, C and D). Strikingly, an average of 77.4% of the
hyperplastic cells in TH-MYCN sympathetic ganglia stained
positively for Ki-67 (Figure 1, C and D). We next stained the
tissue sections with an antibody against pHH3, a marker for
mitotic cells.'® Approximately 3.1% cells in the wild-type
sympathetic ganglia were in the mitotic phase of the cell
cycle, and a similar number of pHH3™ cells were found in
the non-hyperplastic region of TH-MYCN sympathetic gan-
glia (Figure 1, E and F). In contrast, approximately 34.3% of
the hyperplastic cells stained positively for pHH3 (Figure 1,
E and F). Together, these results indicate that MYCN ex-
pression promotes the proliferation of a subpopulation of
cells in sympathetic ganglia, leading to the formation of
hyperplastic lesions.

Hyperplastic Lesions Are Composed
Predominantly of Phox2B™* Neuronal
Progenitors

Given their highly proliferative state and immature mor-
phology, it appears to be likely that the hyperplastic cells
are a population of progenitor cells. Although they have
been referred to as “neuroblasts”,® their identity has not
been established. We first wanted to confirm that they are
not of glial lineage, in light of our recent finding that the
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Figure 2. Hyperplastic lesions are composed predominantly of proliferating
Phox2B™ cells. A: Sections of SCG from P14 wild-type and 7H-MYCN mice
were stained with anti-Ki-67 (red) and anti-BLBP (green), an early marker for
glial cells. Most of the Ki-67" cells in wild-type SCG also express BLBP,
whereas Ki-67 " cells in hyperplastic lesions (arrows) are negative for BLBP.
B: Immunofluorescent staining of a representative SCG section from a P16
TH-MYCN mouse shows a hyperplastic lesion (arrow) consisting predomi-
nantly of cells expressing both Ki-67 (red) and Phox2B (green). Nuclei were
stained with DAPI (blue). Scale bars = 100 wm.

majority of Ki-67% cells in early postnatal sympathetic
ganglia of wild-type mice express BLBP'” (see also Fig-
ure 2A), a marker for glial progenitor cells in the periph-
eral nervous system including the sympathetic nervous
system."”""® Immunofluorescent staining revealed that all
Ki-67* hyperplastic cells in TH-MYCN sympathetic gan-
glia stained negatively for BLBP (Figure 2A), indicating
that they are not glial progenitor cells.

We next stained the hyperplastic cells for markers of
neuronal progenitors. Mash1 and Phox2B are among the
first markers expressed in early sympathetic neuronal
progenitors.®>® We failed to detect Mash1 expression in
hyperplastic cells by immunofluorescent staining (data
not shown), although the same antibody could stain a
small population of cells in mouse embryonic sympa-
thetic ganglia (data now shown). By contrast, most of the
hyperplastic cells expressed Phox2B, as well as Ki-67
(Figure 2B), indicating that they are Phox2B™ neuronal
progenitors in an actively proliferating state. We conclude
from these data that MYCN specifically promotes the
proliferation of Phox2B™ neuronal progenitors to initiate
neuroblastoma development.

Phox2B™ Progenitors in Hyperplasia Are
Arrested in Neuronal Differentiation

In wild-type mice early postnatal sympathetic ganglia
contained a large number of Phox2B™ cells and a vast
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majority of them expressed TH, a late marker for sympa-
thetic noradrenergic neurons, and displayed the mor-
phology of mature sympathetic neurons (Figure 3A). We
did observe a few Phox2B™ cells that expressed no
detectable levels of TH in postnatal day 4 (P4) and P7
sympathetic ganglia (Figure 3A, P4 and P7, arrows).
However, no such cells were found in sympathetic gan-
glia from P14 (Figure 3A) and older mice (data not
shown). Moreover, while approximately 60% of TH™ sym-
pathetic neurons expressed Phox2B at P4, the number
decreased gradually with time, and by P28, only 12% of
TH™ sympathetic neurons showed detectable levels of
Phox2B expression (data not shown). Thus, Phox2B is
down-regulated during final neuronal differentiation.

By contrast, Phox2B™ hyperplastic cells in MYCN sym-
pathetic ganglia as late as P16 showed no sign of final
neuronal differentiation. They displayed the morphology
of undifferentiated, small round cells and expressed no
detectable levels of TH (Figure 3B). These findings, cou-
pled to the observation of their highly proliferating state,
indicate that Phox2B™ hyperplastic cells are arrested at
the progenitor stage. Thus, MYCN not only promotes the
proliferation of Phox2B™ neuronal progenitors but also
blocks their differentiation into TH-expressing mature
neurons, resulting in marked expansion of the progenitor
population in sympathetic ganglia and consequently the
formation of hyperplastic lesions.

Phox2B™ Progenitor Cells Are the Major Cellular
Component of Primary Neuroblastoma Tumors

The data presented above suggest that MYCN-induced
expansion of Phox2B™ neuronal progenitors is a critical
event in neuroblastoma initiation in TH-MYCN mice. We
then asked whether expansion of the same progenitor

Phox2B/TH/DAPI
-

Figure 3. Phox2B™ hyperplastic cells are ar-
rested in neuronal differentiation. A: Sections of
SCG from P4, P7, and P14 wild-type mice were
stained with anti-Phox2B (red) and anti-TH
(green), a late marker for sympathetic neurons.
Most of the Phox2B™ cells display the morphol-
ogy of mature neurons and express TH. Only a
few Phox2B™ cells in P4 and P7 SCG stained
negatively for TH (arrows). B: Sections of SCG
from P12 and P16 TH-MYCN mice were stained
with anti-Phox2B (red) and/or anti-TH (green).
Most of the hyperplastic cells are Phox2B"TH ™
neuronal progenitors. Nuclei were stained with
DAPI (blue). Scale bars = 100 um.

population also drives neuroblastoma growth and pro-
gression. Histological examination revealed that neuro-
blastoma tumors from TH-MYCN mice were largely com-
posed of small round blue cells that were morphologically
similar to the hyperplastic cells observed in early post-
natal sympathetic ganglia of TH-MYCN mice and formed
apparent nests or lobules surrounded by thin fibrovascu-
lar septa (Figure 4A, H&E), characteristics of human neu-
roblastomas with MYCN amplification.’® A majority of tu-
mor cells stained positively for Ki-67, indicating that they
were in an actively proliferating state (Figure 4A, Ki-67).
Importantly, most of the tumor cells expressed Phox2B,
and most of the Phox2B™ tumor cells expressed no de-
tectable levels of TH (Figure 4A, Phox2B/TH/DAPI), indic-
ative of their undifferentiated state. Co-immunostaining of
tumor sections for Ki-67 and Phox2B (Figure 4B) and
quantitative analysis revealed that 70.1% of Phox2B-ex-
pressing tumor cells stained positively for Ki-67, whereas
only 5.9% of Phox2B— cells expressed Ki-67. Together,
these data identify Phox2B™* neuronal progenitors as a
major cellular component of neuroblastoma tumors de-
veloped in TH-MYCN mice. The data also suggest that
the proliferation of undifferentiated Phox2B™ progenitors
is @ major cellular mechanism for driving neuroblastoma
growth.

Phox2B™* Neuronal Progenitors Drive the
Growth of Xenograft Tumors Derived from
Human Neuroblastoma Cell Lines

We next addressed the question of whether our findings
in TH-MYCN mice are relevant to the pathogenesis of
human neuroblastoma. Recently it has been reported that
all of the primary human neuroblastoma tumors examined
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Figure 4. Phox2B™ progenitor cells are the major cellular component of mouse primary neuroblastoma tumors and xenograft tumors derived from human neuroblastoma cell
lines. A: Sections of neuroblastoma tumors from 7H-MYCN mice were stained with H&E, anti-Ki-67, or anti-Phox2B (red) and anti-TH (green). Nuclei were stained with DAPI
(blue). The small round blue tumor cells are organized in nests surrounded by thin fibrovascular septa (H&E), and most of them express Ki-67 and Phox2B, but are negative for
TH. B: Immunofluorescent staining of a representative mouse neuroblastoma section for Ki-67 (green) and Phox2B (red). Nuclei were stained with DAPI (blue). C: Sections of
xenograft tumors derived from human neuroblastoma cell lines were stained with anti-Phox2B (red) and anti-TH (green). Nuclei were stained with DAPI (blue). Most of the tumor
cells express Phox2B. SK-N-DZ and BE(2)-C xenografts also contain significant numbers of TH™ cells. The cells stained yellow in SK-N-DZ xenograft section are probably necrotic
cells. Scale bars = 100 um (A-C). D, E: Quantification of Phox2B*TH™ progenitor cells (D) in xenograft tumors of different human neuroblastoma cell lines reveals a positive
correlation with the tumor growth rates (E). Data are presented as means = SD and analyzed with two-tailed Student’s ttest with P values indicated. F: Immunoblot analysis of
MYCN protein levels in human neuroblastoma cell lines. a-tubulin levels are shown as loading control.

express high levels of Phox2B mRNA, determined by human neuroblastoma cell lines consisted largely of
microarray and quantitative reverse transcription-PCR Phox2B* cells (Figure 4C). Quantitative analysis indi-
analyses.?° Consistent with the finding, immunofluores- cated that Phox2B™ neuronal progenitors, defined by

cent staining showed that xenograft tumors derived from their lack of TH expression, comprised 65.6%, 81.5%,
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and 94.8% of cells in xenograft tumors derived from
SK-N-DZ, BE(2)-C, and SK-N-AS cell lines, respectively
(Figure 4D). Importantly, xenograft tumors with higher
numbers of Phox2B™ progenitor cells grew significantly
faster than those with lower numbers of Phox2B™ pro-
genitor cells (Figure 4E), suggesting a critical role of
Phox2B™ progenitor cells in driving the tumor growth.
These findings, coupled to the report that primary hu-
man neuroblastoma tumors express abundant Phox2B
mRNA ,2° suggest that expansion of Phox2B™ neuronal
progenitors is also critical for the pathogenesis of hu-
man neuroblastomas.

It should be pointed out that SK-N-DZ and BE(2)-C are
MYCN-amplified cell lines and express high levels of
MYCN, whereas SK-N-AS cells carry single-copy MYCN
and express little or no detectable level of MYCN (Figure
4F). This observation suggests the existence of MYCN-
independent mechanisms for promoting the expansion of
Phox2B™ progenitor cells during human neuroblastoma
development, which is consistent with the notion that
expansion of Phox2B™ progenitor cells is a common
event in the pathogenesis of human neuroblastoma, re-
gardless of the mechanisms involved.

Hyperplasia and Primary Neuroblastoma
Tumors Contain a Minor Population of Nestin™
Cells with Progenitor Features

During our investigation, we noted that hyperplastic le-
sions also contained a minor population of cells that
stained negatively for Phox2B or other lineage markers
such as BLBP, S100, and TH, suggesting that they may
represent a distinct progenitor population. To uncover
their identity, we performed immunofluorescent staining
of hyperplastic cells for the expression of Phox2B and
nestin, a filament protein expressed in a variety of tissue
stem cells and progenitor cells including neural crest
cells®' (Cui and Ding, unpublished data). Nestin is also
expressed in sympathetic glial and neuronal progeni-
tors.’” Our immunofluorescent staining revealed the
presence of three distinct cell populations in hyperplasia:
nestin®, Phox2B™, and nestin*Phox2B™ cells (Figure
5A). Given their physical location and the fact that nestin
is expressed in neural crest cells that give rise to sym-
pathetic glia and neurons, it appears to be likely that the
three cell populations represent distinct stages of sym-
pathetic neurogenesis, with nestin® cells being precur-
sors of the nestin*Phox2B™ cells that in turn differentiate
into Phox2B™ neuronal progenitors.

Quantitative analysis revealed a fourfold increase in
the number of nestin™ cells in MYCN sympathetic gan-
glia with hyperplastic lesions in comparison with age-
matched, wild-type, sympathetic ganglia (Figure 5, B and
C). It should be pointed out that the majority of nestin*
cells in early postnatal sympathetic ganglia of wild-type
mice are glial progenitors that express BLBP and differ-
entiate into satellite cells.’” By contrast, nestin® cells in
the hyperplastic lesions expressed either no lineage
markers or Phox2B, a neuronal marker. Taken together,
these data suggest that MYCN expression not only re-

sults in an increase in the number of nestin™ sympathetic
progenitors, but also biases them toward a neuronal fate.
A combination of these effects probably also contributes
to the expansion of Phox2B™ neuronal progenitors and
the formation of neuroblast hyperplasia observed in sym-
pathetic ganglia of TH-MYCN mice.

Similar to what observed in hyperplastic lesions, nes-
tin™ cells were also present in primary neuroblastoma
tumors from TH-MYCN mice and comprised approxi-
mately 4.6% of cells in all tumor samples examined (Fig-
ure 5D). Immunofluorescent staining for lineage markers
revealed that nestin® tumor cells expressed no TH or
BLBP (Figure 5D), but some of them stained positively for
Phox2B (Figure 5E). These findings are consistent with
the suggestion that the nestin single-positive tumor cells
may represent a population of malignant sympathetic
neural crest cells or early progenitors that give rise to the
Phox2B™ tumor cells comprising the bulk of neuroblas-
toma tumors.

Discussion

Using TH-MYCN transgenic mice as a model system, we
show that MYCN induces marked expansion of Phox2B*
neuronal progenitors in sympathetic ganglia to drive neu-
roblastoma initiation and progression. The expansion is
caused by enhanced proliferation and arrested differen-
tiation of Phox2B™ progenitors, with possible contribution
from an increase in the pool of nestin™ cells that may
serve as precursors of Phox2B™ neuronal progenitors.
We further present evidence suggesting that expansion
of Phox2B™* neuronal progenitors may also drive the
growth of human neuroblastomas. These findings shed
light on the cellular basis of neuroblastoma development
and define the cellular functions of MYCN in the tumori-
genic process, with important clinical implications.

The Cellular Functions of MYCN in the
Pathogenesis of Neuroblastoma

The oncogene MYCN was originally identified in neuro-
blastoma cells.?>2° |ike other members of the MYC fam-
ily, MYCN regulates important cellular processes includ-
ing proliferation, growth, metabolism, apoptosis, and
differentiation.?*?®> However, which of these cellular func-
tions of MYCN is critical for neuroblastoma development
has not been rigorously defined, especially under in vivo
conditions. We address this question using TH-MYCN
mice as an experimental system. Neuroblastoma devel-
opment in TH-MYCN mice begins with hyperplastic le-
sions in sympathetic ganglia during the first few weeks
after birth. Our investigation reveals that the hyperplastic
lesions are composed predominantly of Phox2B™ neuro-
nal progenitors with elevated levels of MYCN protein. A
majority of the Phox2B™ progenitor cells are in a state of
active proliferation, as evidenced by their expression of
Ki-67. Thus, sustained MYCN expression specifically pro-
motes the proliferation of Phox2B™ neuronal progenitors,
contributing to the formation of hyperplasia.
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Figure 5. Hyperplasia and primary neuroblastoma tumors contain a minor population of nestin* progenitor cells. A: Sections of hyperplastic lesions were stained
with anti-Phox2B (red), anti-nestin (green), and DAPI (blue), and examined with a confocal microscope. Arrows and asterisks indicate nestin® and
nestin"Phox2B™ cells, respectively. B: Sections of wild-type and MYCN sympathetic ganglia at P14 were stained with anti-nestin (green) and DAPI (blue). The
arrow indicates a hyperplastic lesion in the MYCN SCG. C: Quantitative analysis showing a fourfold increase in the number of nestin™ cells in 7H-MYCN SCG
with hyperplastic lesions compared with age-matched wild-type SCG (P14 to P16). Data are presented as means £ SD and analyzed by two-tailed Student’s #test
with the P value indicated. D, E: Sections of representative primary neuroblastoma tumors from TH-MYCN mice were stained with anti-nestin (green) alone (D)
or with anti-TH (red), anti-BLBP (red) or anti-Phox2B (red) (E). Nuclei were stained with DAPI (blue). Nestin® tumor cells are negative for TH and BLBP, and
some of them express Phox2B (arrowheads). Scale bars: 10 um (A); 50 um (B, D, and E).
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The hyperplastic lesions also contain a population of
nestin® cells. Some of them have committed to a neuro-
nal fate as evidenced by their expression of Phox2B,
while others express no detectable levels of lineage
markers and may represent a population of primitive
sympathetic progenitors or neural crest cells. This is in
striking contrast to the nestin™ cells found in sympathetic
ganglia of wild-type mice during the first 2 weeks after
birth. Most of these nestin® cells express BLBP and
differentiate into sympathetic satellite cells.”” These ob-
servations suggest that MYCN may bias nestin™ sympa-
thetic progenitors toward a neuronal fate versus a glial
fate, thereby contributing to the expansion of Phox2B™
neuronal progenitors. This model is consistent with data
from several studies. MYCN ™/~ mice have a significant
reduction in the number of neurons, but not glial cells, in
sympathetic ganglia and other nervous tissues originat-
ing from neural crest cells.26728 Transient overexpression
of MYCN in avian neural crest cells increases the gener-
ation of neurons.?® Moreover, conditional knockout of the
MYCN gene in the central nervous system demonstrates
an essential role of MYCN in driving expansion of neural
progenitor populations during embryonic neurogen-
esis,®° indicating a more general role for MYCN in regu-
lation of neuronal fate decisions. This pro-neuronal func-
tion of MYCN may be critical for its oncogenic activity in
the pathogenesis of tumors of neuronal origin including
neuroblastomas,?22® medulloblastomas,®' and retino-
blastomas,®? as noted previously.3°

It has been proposed that arrested differentiation of
neuroblasts is an early event in the pathogenesis of neu-
roblastoma, with possible involvement of MYCN, based
on in vitro studies of human neuroblastoma cell lines.3334
Our study provides the first line of direct in vivo evidence
in support of this model and defines the specific stage at
which the differentiation process is blocked. We show
that during early postnatal sympathetic development in
wild-type mice, Phox2B™ neuronal progenitors gradually
differentiate into morphologically mature neurons with
high-level expression of TH. The differentiation process is
essentially completed by P14. By contrast, Phox2B™ cells
in hyperplastic lesions are maintained in a progenitor
state. Also, most of Phox2B™ cells in neuroblastoma tu-
mors from TH-MYCN mice express no detectable levels
of TH. Thus, MYCN blocks the differentiation process at
the stage defined by Phox2B expression, leading to fur-
ther expansion of the progenitor pool.

It remains a puzzle how MYCN expression driven by
the rat TH promoter leads to the expansion of a popula-
tion of neuronal progenitors with no significant levels of
TH expression. Many factors, including the local chroma-
tin structure of the transgene integration site may influ-
ence the activity of the promoter, rendering it active in
sympathetic progenitor cells. Once transformed by
MYCN, these cells are arrested in an undifferentiated
state, thereby losing the ability to express differentiation
markers such as TH.

On the basis of the above discussion, we suggest a
model for the cellular functions of MYCN in the pathogen-
esis of neuroblastoma (Figure 6). Oncogenic activation
(amplification or overexpression) of MYCN promotes the
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Figure 6. A simplified schematic diagram for the cellular pathway in MYCN-
induced neuroblastoma development. See text for discussion.

commitment of nestin® progenitor cells to the neuronal
lineage marked by Phox2B expression, leading to an
increase in the pool of Phox2B™ neuronal progenitors.
The progenitor cell pool is then further expanded through
enhanced proliferation and arrested differentiation medi-
ated by MYCN, which initiates and drives neuroblastoma
development. This model also implies that Phox2B™ neu-
ronal progenitors may provide a critical cellular context
for the oncogenic activity of MYCN in the pathogenesis of
neuroblastoma.

The Cellular Basis of Neuroblastoma
Development

A central tenet of the cancer stem cell model is that
cancer development can be viewed as abnormal orga-
nogenesis initiated by malignant transformation of a tis-
sue stem cell or progenitor cell.®*®> Normal sympathetic
neurogenesis is initiated with the commitment of sympa-
thetic neural crest cells to a neuronal lineage as the result
of bone morphogenetic protein-induced expression of
Mash1 and Phox2B. The two transcription factors then
activate the expression of Phox2A, HAND2, and GATAS,
which in turn drive neuronal progenitors to undergo final
differentiation into mature noradrenergic neurons marked
by high-level expression of TH and other enzymes in
catecholamine biosynthesis.®¢

Neuroblastoma development in TH-MYCN mice ap-
pears to recapitulate the neurogenic process, but with a
block at the progenitor stage defined by Phox2B expres-
sion. Our study reveals that hyperplastic lesions in early
postnatal sympathetic ganglia of TH-MYCN mice contain
three distinct cell populations: nestin®, Phox2B™, and
nestin“Phox2B™ cells. Nestin is an intermediate filament
originally identified in neural stem cells,*® and is ex-
pressed in neural crest cells isolated from rodent embry-
onic trunk neural tubes®' (Cui and Ding, unpublished
data) and in neural crest cells derived from human em-
bryonic stem cells.®” More recently, we have shown that
nestin expression is associated with the progenitor state
of lineage-restricted sympathetic progenitor cells.’” On
the basis of these observations, we suggest that the
nestin™ cells in hyperplastic lesions are a population of
sympathetic neural crest cells or primitive progenitors
that give rise to first nestin*Phox2B™ and then Phox2B™



neuronal progenitors. Along this line of reasoning and in
light of the observed expansion of nestin™ cells in hyper-
plastic lesions, we further suggest that nestin* cells in
sympathetic ganglia are probably the cells of origin for
neuroblastoma in TH-MYCN mice.

However, given that nestin®™ cells only constitute 6%
and 4.6% of the cells in hyperplastic lesions and primary
neuroblastoma tumors, respectively, it seems clear that
the tumor growth is driven largely by Phox2B™ progenitor
cells, the predominant cell type in both hyperplastic le-
sions and primary tumors. A majority of the Phox2B™
progenitor cells express Ki-67, indicating that they are in
a state of active proliferation. Moreover, the numbers of
Phox2B™ progenitor cells within xenograft tumors corre-
late positively with the tumor growth rates. Collectively,
our data suggest that Phox2B™ neuronal progenitors are
the major cellular target of MYCN in driving neuroblas-
toma development from hyperplasia to tumors (Figure 6).
These findings further suggest that the neuronal lineage
commitment defined by Phox2B expression is a critical
event in MYCN-induced neuroblastoma development.

Our data may also have significance for human neuro-
blastoma. It has been shown recently that all primary human
neuroblastoma tumors examined express high levels of
Phox2B mRNA 2° and we found that the majority of tumor
cells in xenografts derived from human neuroblastoma cell
lines express Phox2B, regardless of the status of MYCN
amplification. Together, these data suggest that expansion
of Phox2B™ neuronal progenitors is a common cellular
event in the pathogenesis of neuroblastoma.

Human neuroblastomas of advanced stages are charac-
terized histologically as tumors composed predominantly of
undifferentiated or poorly differentiated neuroblasts with a
high mitotic rate.383° These tumors commonly carry MYCN
amplification.’™ Our study establishes the identity of the
neuroblasts as Phox2B™* neuronal progenitors. In addition,
we show that MYCN specifically promotes the expansion of
Phox2B™ neuronal progenitors. These findings provide a
mechanistic understanding of the phenotype of human neu-
roblastomas with MYCN amplification and suggest that tar-
geting Phox2B™ progenitor cells could be a valuable strat-
egy for clinical treatment of neuroblastomas of advanced
stages. Phox2B might also be useful as a biomarker for
neuroblastoma staging, prognosis, and treatment selection.

The finding that Phox2B™ neuronal progenitors are the
major cellular component of both hyperplastic lesions
and neuroblastoma tumors suggests a possible role for
Phox2B in the tumorigenic process. Phox2B is a home-
odomain-containing transcription factor essential for the
generation of noradrenergic neurons of the sympathetic
nervous system, and mice with homozygous inactivation
of Phox2B fail to develop sympathetic ganglia.*® Consis-
tent with a role of Phox2B in neuroblastoma development,
several studies have reported heterozygote germline mu-
tations of Phox2B in hereditary neuroblastoma.*'=42
Moreover, we recently observed that retinoic acid-in-
duced differentiation of human neuroblastoma cell lines
was accompanied by marked down-regulation of Phox2B
(Alam and Ding, unpublished data), suggesting that
Phox2B might be critical for the maintenance of neuro-
blasts that characterize neuroblastoma tumors. However,
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overexpression of Phox2B in human neuroblastoma cell
lines has been shown to suppress proliferation and pro-
motes neuronal differentiation.?® We speculate that Phox2B
may function as a lineage-dependent or lineage-survival
oncogene in neuroblastoma development, analogous to
the role of microphthalmia-associated transcription factor
in the pathogenesis of melanoma.** Microphthalmia-as-
sociated transcription factor is a master regulator of me-
lanocyte differentiation and survival.*® It promotes mela-
nocyte differentiation by inducing growth arrest, 47 but
can cooperate with activated BRAF to transform primary
human melanocytes.”® Thus, it is possible that Phox2B
only displays its oncogenic activity in the context of de-
regulation of cell cycle and differentiation, such as aber-
rant activation of MYCN. This possibility is currently under
investigation. Our initial findings suggest that Phox2B is
probably not a direct target gene of MYCN (Alam and
Ding, unpublished data). Nevertheless, emerging evi-
dence suggests that the cooperation between oncogenic
proteins and lineage-determining factors might be an
important mechanism underlying the development of tis-
sue-type specific tumors.49-5°

Acknowledgments

We thank Dr. Jean-FranCois Brunet and Dr. Naohiko
Ikegaki for the monoclonal antibodies against Phox2B
and MYCN, respectively, Dr. William T. Gunning for help
with tissue sample preparations and Katelyn Zak for as-
sistance with the xenograft experiment.

References

1. Brodeur GM: Neuroblastoma: biological insights into a clinical
enigma. Nat Rev Cancer 2003, 3:203-216

2. LaBonne C, Bronner-Fraser M: Induction and patterning of the neural
crest, a stem cell-like precursor population. J Neurobiol 1998, 36:
175-189

3. Le Douarin NM, Dupin E: Cell lineage analysis in neural crest ontog-
eny. J Neurobiol 1993, 24:146-161

4. Kirby ML, Gilmore SA: A correlative histofluorescence and light mi-
croscopic study of the formation of the sympathetic trunks in chick
embryos. Anat Rec 1976, 186:437-449

5. Francis NJ, Landis SC: Cellular and molecular determinants of sym-
pathetic neuron development. Annu Rev Neurosci 1999, 22:541-566

6. Goridis C, Rohrer H: Specification of catecholaminergic and seroto-
nergic neurons. Nat Rev Neurosci 2002, 3:531-541

7. Dyer MA: Mouse models of childhood cancer of the nervous system.
J Clin Pathol 2004, 57:561-576

8. Weiss WA, Aldape K, Mohapatra G, Feuerstein BG, Bishop JM:
Targeted expression of MYCN causes neuroblastoma in transgenic
mice. EMBO J 1997, 16:2985-2995

9. Hansford LM, Thomas WD, Keating JM, Burkhart CA, Peaston AE,
Norris MD, Haber M, Armati PJ, Weiss WA, Marshall GM: Mecha-
nisms of embryonal tumor initiation: distinct roles for MycN expres-
sion and MYCN amplification. Proc Natl Acad Sci USA 2004, 101:
12664-12669

10. Beckwith JB, Perrin EV: In situ neuroblastomas: a contribution to the
natural history of Neural nrest Tumors. Am J Pathol 1963, 43:1089-1104

11. Pattyn A, Morin X, Cremer H, Goridis C, Brunet JF: Expression and
interactions of the two closely related homeobox genes Phox2a and
Phox2b during neurogenesis. Development 1997, 124:4065-4075

12. Lo LC, Johnson JE, Wuenschell CW, Saito T, Anderson DJ: Mamma-
lian achaete-scute homolog 1 is transiently expressed by spatially



866
AJP

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Alam et al
August 2009, Vol. 175, No. 2

restricted subsets of early neuroepithelial and neural crest cells.
Genes Dev 1991, 5:1524-1537

. Ikegaki N, Bukovsky J, Kennett RH: Identification and characteriza-

tion of the NMYC gene product in human neuroblastoma cells by
monoclonal antibodies with defined specificities. Proc Natl Acad Sci
USA 1986, 83:5929-5933

. Hahn WC, Counter CM, Lundberg AS, Beijersbergen RL, Brooks MW,

Weinberg RA: Creation of human tumour cells with defined genetic
elements. Nature 1999, 400:464—-468

. Sawhney N, Hall PA: Ki67-structure, function, and new antibodies.

J Pathol 1992, 168:161-162

. Hans F, Dimitrov S: Histone H3 phosphorylation and cell division.

Oncogene 2001, 20:3021-3027

. Shi H, Cui H, Alam G, Gunning WT, Nestor A, Giovannucci D, Zhang

M, Ding HF: Nestin expression defines both glial and neuronal pro-
genitors in postnatal sympathetic ganglia. J Comp Neurol 2008,
508:867-878

. Jessen KR, Mirsky R: The origin and development of glial cells in

peripheral nerves. Nat Rev Neurosci 2005, 6:671-682

. Shimada H, Stram DO, Chatten J, Joshi VV, Hachitanda Y, Brodeur

GM, Lukens JN, Matthay KK, Seeger RC: Identification of subsets of
neuroblastomas by combined histopathologic and N-myc analysis.
J Natl Cancer Inst 1995, 87:1470-1476

Raabe EH, Laudenslager M, Winter C, Wasserman N, Cole K, LaQua-
glia M, Maris DJ, Mosse YP, Maris JM: Prevalence and functional
consequence of PHOX2B mutations in neuroblastoma. Oncogene
2008, 27:469-476

Stemple DL, Anderson DJ: Isolation of a stem cell for neurons and glia
from the mammalian neural crest. Cell 1992, 71:973-985

Kohl NE, Kanda N, Schreck RR, Bruns G, Latt SA, Gilbert F, Alt FW:
Transposition and amplification of oncogene-related sequences in
human neuroblastomas. Cell 1983, 35:359-367

Schwab M, Alitalo K, Klempnauer KH, Varmus HE, Bishop JM, Gilbert
F, Brodeur G, Goldstein M, Trent J: Amplified DNA with limited ho-
mology to myc cellular oncogene is shared by human neuroblastoma
cell lines and a neuroblastoma tumour. Nature 1983, 305:245-248
Grandori C, Cowley SM, James LP, Eisenman RN: The Myc/Max/Mad
network and the transcriptional control of cell behavior. Annu Rev Cell
Dev Biol 2000, 16:653-699

Adhikary S, Eilers M: Transcriptional regulation and transformation by
Myc proteins. Nat Rev Mol Cell Biol 2005, 6:635-645

Charron J, Malynn BA, Fisher P, Stewart V, Jeannotte L, Goff SP,
Robertson EJ, Alt FW: Embryonic lethality in mice homozygous for
a targeted disruption of the N-myc gene. Genes Dev 1992, 6:
2248-2257

Sawai S, Shimono A, Wakamatsu Y, Palmes C, Hanaoka K, Kondoh H:
Defects of embryonic organogenesis resulting from targeted disruption
of the N-myc gene in the mouse. Development 1993, 117:1445-1455
Stanton BR, Perkins AS, Tessarollo L, Sassoon DA, Parada LF: Loss
of N-myc function results in embryonic lethality and failure of the
epithelial component of the embryo to develop. Genes Dev 1992,
6:2235-2247

Wakamatsu Y, Watanabe Y, Nakamura H, Kondoh H: Regulation of
the neural crest cell fate by N-myc: promotion of ventral migration and
neuronal differentiation. Development 1997, 124:1953-1962
Knoepfler PS, Cheng PF, Eisenman RN: N-myc is essential during
neurogenesis for the rapid expansion of progenitor cell popula-
tions and the inhibition of neuronal differentiation. Genes Dev
2002, 16:2699-2712

Badiali M, Pession A, Basso G, Andreini L, Rigobello L, Galassi E,
Giangaspero F: N-myc and c-myc oncogenes amplification in medul-
loblastomas. Evidence of particularly aggressive behavior of a tumor
with c-myc amplification, Tumori 1991, 77:118-121

Lee WH, Murphree AL, Benedict WF: Expression and amplification
of the N-myc gene in primary retinoblastoma. Nature 1984, 309:
458-460

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47,

48.

49.

50.

Cooper MJ, Hutchins GM, Cohen PS, Helman LJ, Mennie RJ, Israel
MA: Human neuroblastoma tumor cell lines correspond to the ar-
rested differentiation of chromaffin adrenal medullary neuroblasts.
Cell Growth Differ 1990, 1:149-159

Thiele CJ, Israel MA: Regulation of N-myc expression is a critical
event controlling the ability of human neuroblasts to differentiate. Exp
Cell Biol 1988, 56:321-333

Reya T, Morrison SJ, Clarke MF, Weissman IL: Stem cells, cancer,
and cancer stem cells. Nature 2001, 414:105-111

Lendahl U, Zimmerman LB, McKay RD: CNS stem cells express a
new class of intermediate filament protein. Cell 1990, 60:585-595
Lee G, Kim H, Elkabetz Y, Al Shamy G, Panagiotakos G, Barberi T,
Tabar V, Studer L: Isolation and directed differentiation of neural crest
stem cells derived from human embryonic stem cells. Nature Biotech-
nol 2007, 25:1468-1475

Joshi VV, Cantor AB, Altshuler G, Larkin EW, Neill JS, Shuster JJ,
Holbrook CT, Hayes FA, Castleberry RP: Recommendations for modifi-
cation of terminology of neuroblastic tumors and prognostic significance
of Shimada classification. A clinicopathologic study of 213 cases from
the Pediatric Oncology Group. Cancer 1992, 69:2183-2196

Shimada H, Ambros IM, Dehner LP, Hata J, Joshi VV, Roald B, Stram
DO, Gerbing RB, Lukens JN, Matthay KK, Castleberry RP: The Inter-
national Neuroblastoma Pathology Classification (the Shimada sys-
tem). Cancer 1999, 86:364-372

Pattyn A, Morin X, Cremer H, Goridis C, Brunet JF: The homeobox
gene Phox2b is essential for the development of autonomic neural
crest derivatives. Nature 1999, 399:366-370

Mosse YP, Laudenslager M, Khazi D, Carlisle AJ, Winter CL, Rappaport
E, Maris JM: Germline PHOX2B mutation in hereditary neuroblastoma.
Am J Hum Genet 2004, 75:727-730

Trochet D, Bourdeaut F, Janoueix-Lerosey |, Deville A, de Pontual L,
Schleiermacher G, Coze C, Philip N, Frebourg T, Munnich A, Lyonnet
S, Delattre O, Amiel J: Germline mutations of the paired-like ho-
meobox 2B (PHOX2B) gene in neuroblastoma. Am J Hum Genet
2004, 74:761-764

van Limpt V, Schramm A, van Lakeman A, Sluis P, Chan A, van
Noesel M, Baas F, Caron H, Eggert A, Versteeg R: The Phox2B
homeobox gene is mutated in sporadic neuroblastomas. Oncogene
2004, 23:9280-9288

Garraway LA, Sellers WR: Lineage dependency and lineage-survival
oncogenes in human cancer. Nat Rev Cancer 2006, 6:593-602
Widlund HR, Fisher DE: Microphthalamia-associated transcription
factor: a critical regulator of pigment cell development and survival.
Oncogene 2003, 22:3035-3041

Carreira S, Goodall J, Aksan |, La Rocca SA, Galibert MD, Denat L, Larue
L, Goding CR: Mitf cooperates with Rb1 and activates p21Cip1 expres-
sion to regulate cell cycle progression. Nature 2005, 433:764-769
Loercher AE, Tank EM, Delston RB, Harbour JW: MITF links differen-
tiation with cell cycle arrest in melanocytes by transcriptional activa-
tion of INK4A. J Cell Biol 2005, 168:35-40

Garraway LA, Widlund HR, Rubin MA, Getz G, Berger AJ, Ramaswamy
S, Beroukhim R, Milner DA, Granter SR, Du J, Lee C, Wagner SN, Li C,
Golub TR, Rimm DL, Meyerson ML, Fisher DE, Sellers WR: Integrative
genomic analyses identify MITF as a lineage survival oncogene ampli-
fied in malignant melanoma. Nature 2005, 436:117-122

Schuller U, Heine VM, Mao J, Kho AT, Dillon AK, Han YG, Huillard E,
Sun T, Ligon AH, Qian Y, Ma Q, Alvarez-Buylla A, McMahon AP,
Rowitch DH, Ligon KL: Acquisition of granule neuron precursor iden-
tity is a critical determinant of progenitor cell competence to form
Shh-induced medulloblastoma. Cancer Cell 2008, 14:123-134
Yang ZJ, Ellis T, Markant SL, Read TA, Kessler JD, Bourboulas M,
Schuller U, Machold R, Fishell G, Rowitch DH, Wainwright BJ, Wechsler-
Reya RJ: Medulloblastoma can be initiated by deletion of Patched
in lineage-restricted progenitors or stem cells. Cancer Cell 2008,
14:135-145



